In BiFeO 3 films, it has been found that epitaxial constraint results in the destruction of a space modulated spin structure. For ͑111͒ c films, relative to corresponding bulk crystals, it is shown ͑i͒ that the induced magnetization is enhanced at low applied fields; ͑ii͒ that the polarization is dramatically enhanced; whereas, ͑iii͒ the lattice structure for ͑111͒ c films and crystals is nearly identical. Our results evidence that eptiaxial constraint induces a transition between cycloidal and homogeneous antiferromagnetic spin states, releasing a latent antiferromagnetic component locked within the cycloid. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1851612͔
Multiferroic materials have more than one order parameters. 1, 2 In magnetoelectric materials, they are a spontaneous polarization P s and a spontaneous magnetization M s . 1 Of particular interest is BiFeO 3 ͑BFO͒, which exhibits the coexistence of ferroelectric and antiferromagnetic ͑G-type͒ orders up to quite high temperatures. 1, 3 The average structure of BiFeO 3 crystals is a distorted rhombohedral perovskite, [3] [4] [5] [6] [7] [8] [9] [10] [11] which belongs to the space group R3c ͑or C 6 3V ͒. The rhombohedral unit cell parameters are a r = 5.634 Å and ␣ r = 59.348°. 7 The pseudo-cubic representation of these rhombohedral cell parameters is a c = 3.963 Å and ␣ c = 89.40°. In this structure, the pseudo-cubic ͑111͒ c is equivalent to hexagonal ͑001͒ h . The Bi 3+ and Fe 3+ cations are displaced from their centro-symmetric positions along ͓111͔ c . This distortion is polar and results in a P s oriented along ͑111͒ c of P ͑111͒ c = 0.061 C / m 2 . BiFeO 3 also has antiferromagnetic order along ͑001͒ h / ͑111͒ c . 10, 12 The antiferromagnetic spin order is not homogenous, rather a space modulated one. 11 It is manifested as an incommensurate cycloid structure with a wavelength of ϳ620 Å along ͓110͔ h . 11, 13 The antiferromagnetic vector is locked within the cycloid, averaged to zero over . 14, 15 This latent magnetization can be released by application of high magnetic fields. 16 Recent electron spin resonance investigations have also shown an induced phase transition from cycloidal to homogeneous antiferromagnetic spin orders for H Ͼ 18 T. 17 This induced phase transition can be understood by the following Landau-Ginzburg ͑LG͒ theory: [14] [15] [16] [17] [18] F homogeneous Ͻ F cycloid , ͑1a͒
where ␤ is the magnetoelectric ͑ME͒ constant of the homogenous antiferromagnetic spin state; K u is the uniaxial magnetic anisotropy, P z is the spontaneous polarization along z, ␥ is the inhomogeneous magnetoelectric constant, and Ќ is the magnetic susceptibility in the direction the perpendicular to the antiferromagnetic vector. In Eq. ͑1͒ above, we have also included a perturbation term K pert , which will be discussed below. Recently, dramatically increased values of remanent polarization P r have been reported in epitaxial thin films of BiFeO 3 grown on ͑001͒ c SrTiO 3 . 19 For example, the P r of ͑001͒ c BiFeO 3 thin films is ϳ55 C/cm 2 -which is ϳ10ϫ larger than that of a bulk crystal projected onto the same orientation. Clearly, epitaxial heterostructure can induce significant and important changes. This letter is focused on (111) 20 was chosen as the bottom electrode due to the slight lattice mismatch with the BFO structure. A SRO layer of 500 Å was deposited at 600°C in an oxygen ambient of 100 mTorr, and followed by the BFO film, deposited at 670°C in an oxygen ambient of 20 mTorr at a growth rate of 0.7 Å / s. Chemical analysis was carried out by scanning electron microscopy x-ray microanalysis, indicating a cation stoichiometry of ϳ1 : 1 in BFO films. 21 X-ray diffraction studies were performed using a Philips MPD system. Ferroelectric measurements were performed using a RT6000 test system ͑Radiant Technologies͒. The dc magnetization ͑i.e., M-H response͒ was characterized as a function of H at various temperatures using a superconducting quantum interference device magnetometer ͑Quantum Design, model XL7͒.
First, the values of the interplanar spacing of ͑111͒ c epitaxial thin layers were measured by x-ray diffraction, and compared to those of a ͑111͒ c oriented bulk crystal; 2theta-omega mesh scans of ͑111͒, ͑110͒, and ͑100͒ films were obtained ͑data not shown͒. Calculations revealed that the films have a rhombohedral structure, with a lattice spacing of d ͗001͘ = 3.959 Å. This is very close to that of the bulk single crystal.
Next, we investigated the effect of the constrained crystallographic film state on the ferroelectric properties of BiFeO 3 . The ferroelectric properties were characterized by a polarization hysteresis method. Figure 1͑a͒ shows the P-E response for the ͑111͒ c film. We observed hysteresis loops typical of a ferroelectric, with a remanent polarization P r of ϳ1 C/m 2 . Corresponding measurements of a bulk crystal are also shown in the figure for comparisons. In addition, we have measured the orientation dependence of P r . Figure 1͑b͒ shows ͱ 3P ͑001͒ c , ͱ 6/2P ͑101͒ c , and P ͑111͒ c as a function of E for variously oriented films. In this figure, the values of the projected polarizations can be seen to be nearly equivalent. This confirms that the direction of spontaneous polarization lies close to ͑111͒ c , and that the values measured along ͑101͒ c and ͑001͒ c are simply projections onto these orientations. Clearly, similar to bulk crystals, the spontaneous polarization is oriented close to ͑111͒ c . However, P s is dramatically increased! Finally, the M-H properties of the films were also characterized, as shown in Fig. 2 . In this figure, it can be seen that the induced magnetization is on an order of 0.6 emu/ g. This is much higher than that of ͑111͒ c bulk crystal, which was measured over the same magnetic field range of H ac = 2 T, as shown in the figure for comparisons. However, it is close to the expected value of M s induced in bulk crystals at the cycloidal to homogenous antiferromagnetic spin transition field of H Х 18 T. 16 For our films, it is also important to note ͑i͒ the lack of hysteresis in the M-H response; ͑ii͒ the low magnetic field at which spin rearrangement occurs, H Ͻ 10 3 Oe; and ͑iii͒ the relatively high magnetic susceptibility.
Our results show ͑i͒ that the structure of ͑111͒ c BiFeO 3 thin films is essentially identical to that of bulk crystals; ͑ii͒ that the polarization is dramatically increased relative to the bulk crystal; and ͑iii͒ the presence of an induced magnetization at low magnetic fields, which is somewhat close to that of a homogeneous antiferromagnetic spin state. 16 It is important to note that no structural phase changes were found to accompany the changes in the polarization and magnetization.
For ͑111͒ c BiFeO 3 thin layers, these results indicate that the cycloidal spin structure is destroyed by a critical perturbation provided by the elastic constraint of the film and that a homogenous antiferromagnetic spin state is stablized. We attempt to understand the influence of epitaxy on the LG formalism by adding a rhombic perturbation of K pert to the uniaxial magnetic anisotropy K u , which we had originally included in Eq. ͑1͒ above. A phase transition from the cycloidal to the homogeneous anitferromagnetic spin states will FIG. 1. Ferroelectric properties for BiFeO 3 films. ͑a͒ P-E curve for ͑111͒ c -oriented film, including corresponding data for bulk crystal; and ͑b͒ P-E curves for ͑001͒ c , ͑101͒ c , and ͑111͒ c films projected onto ͑111͒ c .
FIG. 2. Magnetization properties for
occur in Eq. ͑1͒ at a critical value of the perturbation K pert c , when the energy of the cycloidal state is equal to that of the homogeneous one. This will occur when the anisotropy constant fulfills the critical perturbation condition of 22 The corresponding mechanical stress is = Y · epi Ϸ 5 ϫ 10 8 N/m 2 ͑ epi Ϸ 0.5% ͒, which can induce a polarization change via the piezoelectric effect of P = d Ϸ 0.05 C / m 2 =5 C/cm 2 , where d =1 ϫ 10 −10 C / N is the piezoelectric constant. 19 Due to magnetoelectric coupling, this induced polarization then gives rise to a magnetic field of H ME = ␤ · P Ϸ 2 ϫ 10 5 Oe, where ␤ =1/␣ p and ␣ p Ϸ 3 ϫ 10 −7 C/͑m 2 ·Oe͒ ͑this value of the ␣ p can be calculated from the magnetization induced by the electric field of the spontaneous polarization in bulk BiFeO 3 crystals, 17 which is in agreement with that reported for ͑001͒ films 16 ͒. This yields a contribution of Ќ H ME Ϸ 10 6 erg/ cm 3 ͑or 10 5 J/m 3 ͒ to the magnetic anisotropy. This is of the same order as that by the critical perturbation condition K pert c . Thus, an in-plane epitaxial constraint in ͑111͒ c BiFeO 3 thin films is sufficient to break the cycloidal spin order, and in so doing releasing the latent magnetization locked within the cycloid. This is achieved solely by a magnetoelectric coupling between polarization and magnetization, mediated by elastic constraint. However, recently, we have obtained much higher saturation magnetizations ͑ϳ2 emu/ g͒ in ͑001͒-oriented BiFeO 3 ultrathin films, where we observed that M s increases with decreasing film thickness: investigations of this excess magnetization for ͑001͒ films will be done in the future.
In summary, BiFeO 3 films grown on ͑111͒ c have a rhombohedral structure, essentially identical to that of single crystals. The easy axis of spontaneous polarization lies close to ͑111͒ c . Our results evidence that eptiaxial constraint induces a transition between cycloidal and homogeneous antiferromagnetic spin states, releasing a latent antiferromagnetic component locked within the cycloid, via magnetoelectric exchange.
